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Objective: Upward migration of the subchondral bone plate is associated with osteochondral repair. The
aim of this study was to quantitatively monitor the sequence of subchondral bone plate advancement in
a lapine model of spontaneous osteochondral repair over a 1-year period and to correlate these ﬁndings
with articular cartilage repair.
Design: Standardized cylindrical osteochondral defects were created in the rabbit trochlear groove. Sub-
chondral bone reconstitution patterns were identiﬁed at ﬁve time points. Migration of the subchondral
bone plate and areas occupied by osseous repair tissue were determined by histomorphometrical analysis.
Tidemark formation and overall cartilage repair were correlated with the histomorphometrical parameters
of the subchondral bone.
Results: The subchondral bone reconstitution pattern was cylindrical at 3 weeks, infundibuliform at
6 weeks, plane at 4 and 6 months, and hypertrophic after 1 year. At this late time point, the osteo-
chondral junction advanced 0.19 [95% conﬁdence intervals (CI) 0.10e0.30] mm above its original level.
Overall articular cartilage repair was signiﬁcantly improved by 4 and 6 months but degraded after 1 year.
Subchondral bone plate migration correlated with tidemark formation (r ¼ 0.47; P < 0.0001), but not
with the overall score of the repair cartilage (r ¼ 0.11; P > 0.44).
Conclusions: The subchondral bone plate is reconstituted in a distinct chronological order. The lack of
correlation suggests that articular cartilage repair and subchondral bone reconstitution proceed at
a different pace and that the advancement of the subchondral bone plate is not responsible for the
diminished articular cartilage repair in this model.
 2012 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.Introduction
The integrity of the subchondral bone is critically disturbed in
osteochondral defects1. Disruption of the cement line, thehistological
equivalent to the anatomical osteochondral junction2, is the common
feature of all conditions affecting the osteochondral unit, while
surgical perforation of this interface is the principle of marrow
stimulation techniques3. Clinical evidence suggests that alterations in
the subchondral bone plate such as upward migration or the devel-
opment of intralesional osteophytes might occur spontaneously inH. Madry, Center of Experi-
rger Strasse, Building 37-38,
590; Fax: 49-6841-1624569.
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s Research Society International. Plarge chondral lesions4. Interestingly, such changes alsooccur inup to
one-third of patients following established cartilage repair
techniques5e7, possibly impairing revision procedures8e10.
Although experimental investigations have focused on sponta-
neous cartilage repair in osteochondral defect models11e14 or
following marrow stimulation15e18, less is known about the reaction
of the subchondral bone19,20. So far, only few animal studies
described an upward migration of the subchondral bone plate in
osteochondral defects17,18 or quantiﬁed this bonyadvancement for up
to 32 weeks in vivo21. However, a long-term evaluation of the sub-
chondral bone changes in osteochondral defects has, to the best of
our knowledge, not been performed to date. It also remains unclear
whether migration of the subchondral bone plate correlates with
articular cartilage degeneration.
The aim of this studywas to quantitativelymonitor the temporal
sequence of subchondral bone plate migration in a lapine model of
spontaneous osteochondral defect repair over a 1-year period. In
addition, we sought to identify geometrical patterns reﬂective ofublished by Elsevier Ltd. All rights reserved.
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tested the hypothesis that an upward migration of the subchondral
bone plate correlates with articular cartilage degradation.
Materials and methods
Study design
Standardized osteochondral defects were created in the trochlear
groove of 56 rabbits. Animals were sacriﬁced after 3 and 6 weeks,
4 and 6 months, and 1 year. First, geometrical subchondral bone
reconstitution patterns were identiﬁed on a total of 694 histological
sections and assigned to a temporal sequence. Secondly, histo-
morphometrical analysis was performed to deﬁne (1) the absolute
migration of the subchondral bone plate as well as target and actual
areas for the (2) osseous and (3) non-osseous repair tissue. Thirdly,
articular cartilage repair was evaluated applying an established
complex histological scoring system22. Finally, correlation between
histomorphometrical and histological results was determined.
Animal experiments
All animal procedures were approved by the local Governmental
Animal Care Committee and the principles of laboratory animal care
were followed. Chinchilla bastard rabbits (n ¼ 56; Charles River,
Sulzfeld, Germany) were kept in air-conditioned rooms with constant
temperatures and a regular light/dark scheme. The rabbits [mean age:
14 (12e16) weeks; mean body weight (BW): 3.0 (2.7e3.3) kg] were
anesthetized by intramuscular injection of Rompun (0.2 ml/kg BW;
Bayer, Leverkusen, Germany) and Ketavet (0.75mg/kg BW; Pharmacia
& Upjohn, Erlangen, Germany). The knee joint was entered using
amedial parapatellarapproach.Thepatellawasdislocated laterallyand
the knee ﬂexed to 90. Standardized cylindrical osteochondral defects
(diameter 3.2 mm, depth 5.0 mm) were created in the centre of the
patellar groove with a manual cannulated burr (Synthes, Umkirch,
Germany),washedwithphosphatebufferedsalineandblotteddry. The
patella was reduced and the knee was put through a range of motion.
Incisions were closed in layers. Postoperatively, the animals were
allowed immediate full weight bearing without any immobilization.
They received water ad libitum and were fed a standard diet. The
rabbits were euthanized after 3 weeks (n ¼ 12), 6 weeks (n ¼ 7),
4 months (n ¼ 13), 6 months (n ¼ 14), and 1 year (n ¼ 10) with
pentobarbital (150 mg/kg BW; Merial, Hallbergmoos, Germany). The
defects of the 4-month timepointwere emptycontrols in anunrelated
study23. Distal femurs (n¼ 56 specimens) were ﬁxed in 4% phosphate
buffered formalin, trimmed and decalciﬁed.
Histological processing
Parafﬁn-embedded frontal sections (5 mm) of the osteochondral
defects were taken within approximately 1.2 mm from the centre of
the defects. For the histological evaluation of cartilage repair, staining
was performedwith safranin orange/fast green (safraninO; n¼ 6e12
sections per defect) according to routine histological protocols24.
Visualization of the collagen network (collagen ﬁbril birefringence,
orientation and parallelism, i.e., anisotropy) within the repair tissue
was also performed on safranin O-stained histological sections using
polarized light microscopy (BX-45, Olympus, Hamburg, Germany)25.
For histomorphometric analyses, we performed Goldner’s trichrome
staining26 of histological sections (n ¼ 5 per defect).
Geometrical subchondral bone reconstitution pattern
Geometrical patterns of subchondral bone reconstitution were
identiﬁed on two-dimensional images of 694 digitalized safraninO- and Goldner’s trichrome-stained histological sections and
assigned to a temporal sequence.
Histomorphometrical evaluation of osteochondral repair
Measurements were made from a total of 280 Goldner’s
trichrome-stained histological sections using an image analysis
system consisting of a solid-state charge-coupled device camera
mounted on a BX-45microscope (Olympus, Hamburg, Germany) and
a personal computer with a histomorphometry analysis software
program (analySIS docu 5.0, Olympus Soft Imaging Solutions,
Münster, Germany). The measurements were calibrated with a reso-
lution of 0.2 mm.
In order to determine the absolute (1) upward/downward
migration of the subchondral bone plate, (2) target area of non-
osseous repair tissue and (3) target area of the osseous repair
tissue, it was essential to know the position of the native osteo-
chondral junction and the native apical margin of the cartilage
surface21. Therefore, the cement line [as histological equivalent to the
osteochondral junction1,2; Fig. 1(A)] was identiﬁed on histological
sections. Care was taken to distinguish the cement line from the
tidemark [boundarybetweennormal and calciﬁedarticular cartilage;
Fig. 1(A)].
Due to the complex curvature of the trochlear groove and the
variability in lapine cartilage thickness27, using the osteochondral
junction adjacent to the defect as the sole reference was inap-
propriate for an exact deﬁnition of the actual cement line and the
cartilage surface. We therefore digitalized histological sections
from intact lapine trochleas [n ¼ 5; Fig. 1(B)], deﬁned the centre
of the trochlear groove and thereupon the cartilaginous area
typically subjected to defect creation (standardized width
3.2 mm). From these regions of interest (ROI), a digital template
of the native articular cartilage layer at the defect sites was
generated.
Determination of the target area occupied by non-osseous
repair tissue was feasible with the use of this template:
considering the adjacent osteochondral junction as reference
point, the simulated cement line, the simulated apical margin of
the cartilage and the medial/lateral integration sites were
retraced on the images, resulting in the absolute target area of
non-osseous repair tissue, expressed in mm2 [Fig. 1(C)]. For the
determination of the target area of osseous repair tissue within
the defects, a standardized rectangular ROI [width 3.2 mm,
depth 2.0 mm, unit mm2; Fig. 1(C)] was placed into the defect
area with the simulated native osteochondral junction serving as
apical margin and the integration sites as medial and lateral
boundary.
The actual area of non-osseous repair tissue and the actual
osteochondral junction were retraced on the digitalized Goldner’s
trichrome-stained sections. The actual area of osseous tissue
within the defects was determined using an identical rectangular
ROI as described above (3.2  2.0 mm), except for the varying
apical margin as indicated by the actual osteochondral junction
[Fig. 1(D)]. The differences between actual and target values for
the osseous and non-osseous tissue areas were calculated:
Darea ¼ (areaactual)  (areatarget).
The extent of the absolute subchondral bone plate upward or
downward migration was measured as the mean distance between
the simulated, native osteochondral junction (i.e., cement line) and
the actual osteochondral junction. Two measurements of the
migration distance in perpendicular direction to the joint surface
wereperformedatequidistant points across eachdefect [Fig.1(D)]. As
the simulated native cement line was set as zero level, subchondral
bone plate downward migration was recorded as minus data whilst
upward migration yielded positive values, expressed in mm.
Table I
Histological scoring system for the evaluation of articular cartilage repair according
to Sellers et al.22
Filling of the defect relative to surface of normal adjacent cartilage
111e125% 1
91e110% 0
76e90% 1
51e75% 2
26e50% 3
<25% 4
Integration of repair tissue with surrounding articular cartilage
Normal continuity and integration 0
Decreased cellularity 1
Gap or lack of continuity on one side 2
Gap or lack of continuity on two sides 3
Matrix staining with safranin O-fast green
Normal 0
Slightly reduced 1
Moderately reduced 2
Substantially reduced 3
None 4
Cellular morphology (chose ﬁrst between aebeced)
(1) Normal 0
(2) Mostly round cells with the morphology of chondrocytes
>75% of tissue with columns in radial zone 0
25e75% of tissue with columns in radial zone 1
<25% of tissue with columns in radial zone (disorganized) 2
(3) 50% round cells with the morphology of chondrocytes
>75% of tissue with columns in radial zone 2
25e75% of tissue with columns in radial zone 3
<25% of tissue with columns in radial zone (disorganized) 4
(4) Mostly spindle-shape (ﬁbroblast-like) cells 5
Architecture within entire defect (not including margins)
Normal 0
1e3 Small voids 1
1e3 Large voids 2
>3 Large voids 3
Clefts or ﬁbrillations 4
Architecture of surface
Normal 0
Slight ﬁbrillation or irregularity 1
Moderate ﬁbrillation or irregularity 2
Severe ﬁbrillation or disruption 3
Percentage of new subchondral bone
90e100% 0
75e89% 1
50e74% 2
25e49% 3
<25% 4
Formation of tidemark
Complete 0
75e99% 1
50e74% 2
25e49% 3
<25% 4
The total average score ranges from 31 (no repair response) to 0 points (complete
regeneration), assignable point values for tidemark formation range from 4 (<25% of
defect area) to 0 points (complete restoration).
Fig. 1. Principle of histomorphometrical analysis. Histomorphometrical measurements
were performed on histological sections stained with Goldner’s trichrome. Image
(A) depicts the cement line, the histological equivalent to the osteochondral junction
(black arrows), and the tidemark (boundary between normal and calciﬁed articular
cartilage; white arrows) within lapine osteochondral defects after 1 year. From sections
of the unaffected trochlear groove (n ¼ 5; B), a standardized template for the target
area of non-osseous repair tissue (C) was generated. To determine the target area of
osseous repair tissue, a standardized rectangular ROI (width 3.2 mm, depth 2.0 mm;
(C) was placed into the defect area with the simulated native osteochondral junction
serving as apical margin. The actual areas of osseous and non-osseous repair tissue
were retraced (D) and differences between actual and target values for the osseous and
non-osseous tissue areas were calculated: Darea ¼ (areaactual)  (areatarget). The extent
of the absolute subchondral bone plate upward or downward migration was measured
as the mean distance between the simulated, native osteochondral junction and the
actual osteochondral junction (D) In perpendicular direction to the joint surface at two
equidistant points across the defects. Scale bars: 0.1 mm (A) and 1.0 mm (B, C, D).
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A total of 414 safranin O-stained sections were analyzed by one
or two observers using the standard articular cartilage repair
scoring system described by Sellers et al.22, which represents
amodiﬁcation from the grading systems according to Pineda et al.28
and Wakitani et al.29, and features a low inter- and intra-observervariability30. The score comprises nine individual parameters for
single characteristics of cartilage repair, e.g., the formation of the
tidemark [Table I and Fig. 1(A)]. The individual point values are
added, resulting in a total average score ranging from 31 (empty
defect, no repair response) to 0 points (complete regeneration).
Correlation between histological and histomorphometrical
evaluations
The three obtained histomorphometrical values for absolute
subchondral bone platemigration and relative differences in osseous
P. Orth et al. / Osteoarthritis and Cartilage 20 (2012) 1161e11691164and non-osseous repair tissue areas were ﬁrst correlated internally
among each other and secondly correlated externally with two
histological score values of articular cartilage repair (total average
score, tidemark formation)22. The overall correlations between these
ﬁve parameters were determined regardless of the time point. In
addition, all correlation coefﬁcients were calculated separately for
the ﬁve observation periods.
Statistical analysis
Mean values for subchondral bone plate migration (two
measurements per defect) and differences in osseous and non-
osseous tissue areas (one measurement per defect, respectively)
were determined on ﬁve sections per defect. Mean values from joints
in each group (2 and 6weeks, 4 and 6months,1 year)were pooled to
obtain a mean value for each group. For all continuous variables, the
comparison between these ﬁve groupswas performedwith one-way
analysis of variance (ANOVA),with the Bonferroni post-hoc testwhen
homogeneity of variance was achieved (subchondral bone plate
migration distance, differences in osseous and non-osseous tissue
areas, and average total histological score value). The Tamhane post-
hoc test was applied when homogeneity of variance was not fulﬁlled
(individual score value for tidemark formation). The Pearson corre-
lation coefﬁcient was used to determine the strength of association
between pairs of parameters. Data are presented asmean values and
95% conﬁdence intervals (95% CI) are used to denote statisticalFig. 2. Temporal sequence of the geometrical osteochondral repair patterns. The schematics
(C and D; 4 and 6 months) and hypertrophic (E; 1 year) geometrical subchondral bone r
histological sections stained by Goldner’s trichrome method while sections (LeU) were sta
microscopy. The arrowheads on images (QeU) point at the integration site between adjacent
defect creation (R), the well reconstituted osteochondral junction close to its original level
number of independent observations (animals) per time point. Scale bars: 1.0 mm (FeP anuncertainty of estimates. A P value<0.05was considered statistically
signiﬁcant. All statistical analyses were performed with the SPSS
software package (version 19.0, SPSS Inc., Chicago, IL).
Results
The geometrical subchondral bone reconstitution patterns were
identiﬁed at ﬁve time points over a 1-year period. Subchondral
bone reconstitutionwas determined histomorphometrically (Fig. 1)
and articular cartilage repair was evaluated histologically.
Temporal sequence of subchondral bone reconstitution patterns
Cylindrical, infundibuliform, plane, and hypertrophic two-
dimensional geometrical subchondral bone reconstitution patterns
were identiﬁed (Fig. 2). When assigned to a chronological sequence,
the cylindrical subchondral bone repair pattern was present after
3 weeks in vivo in 57% of the defects (all other repair patterns at all
time points were inhomogeneous). At 6 weeks, the pattern changed
to infundibuliform repair (49% of defects). At 4 months, the recon-
stituted subchondral bone typically (42%) had a plane surface,
resulting in an evenly ﬁlled osseous part of the osteochondral defect
at 6 months (57%). After 1 year in vivo, a hypertrophic repair proﬁle
emerged, deﬁned as expansion of the osteochondral junction above
its original level and protrusion into the cartilaginous repair tissue
(92% of defects; Fig. 2).(AeE) display the distinct cylindrical (A; 3 weeks), infundibuliform (B; 6 weeks), plane
econstitution patterns of untreated lapine osteochondral defects. Images (FeK) show
ined by safranin orange/fast green and images (VeZ) were taken under polarized light
cartilage and repair tissue (Q, S), the ﬁbrillated surface of the repair tissue 6 weeks after
at 6 months (T), and the upwardly migrated cement line at 1 year (U). n indicates the
d VeZ) and 2.0 mm (QeU).
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At 3 and 6 weeks in vivo, the new osteochondral junction was
developing more than 0.5 mm below its original level [0.57 (0.89
to0.24)mmand0.63 (1.27e0.00)mm; P¼ 0.62; Table II; Fig. 3].
Correspondingly, this initial downwardmigration decreased the area
of the osseous repair tissue [0.70 (1.18 to 0.23) mm2 and 0.62
(1.11 to 0.12) mm2; P ¼ 0.65] and increased the area occupied by
non-osseous repair tissue at these time points [þ0.56
(0.15e0.97) mm2 and þ0.44 (0.01e0.87) mm2; P ¼ 0.47; Table II].
Between 6 weeks and 4 months, the subchondral bone plate
progressively and signiﬁcantly advanced towards its native position,
resulting in an almost complete restoration of its normal level [0.04
(0.33e0.26) mm; P < 0.0001; Table II; Fig. 3]. Likewise, after
4 months, the areas of osseous [þ0.08 (0.18e0.35) mm2;
P < 0.0001] and non-osseous [0.05 (0.34e0.24)mm2;
P ¼ 0.002] repair tissue well resembled the original condition,
signiﬁcantly different from the earlier time points.
At 6 months, no further changes in the migration of the sub-
chondral bone plate [0.04 (0.29e0.22) mm; P ¼ 0.86] and the
areas occupied by osseous [þ0.02 (0.23e0.28) mm2; P ¼ 0.29] or
non-osseous [0.12 (0.37e0.13)mm2; P¼ 0.62] repair tissues were
observed (Table II; Fig. 3).
After 1 year in vivo, the subchondral bone plate had advanced
above its normal level, as indicated by the positive mean value for
migration distance [þ0.19 (0.10e0.30) mm; Table II; Fig. 3]. This
value differed signiﬁcantly from the precedent observation
(P¼ 0.01). Moreover, the increased actual osseous repair tissue area
[þ0.28 (0.07e0.48) mm2; P ¼ 0.005] and consecutively decreased
non-osseous tissue area [0.34 (0.51 to 0.17) mm2; P ¼ 0.007]
also reﬂected this expansion of the subchondral bone plate (Fig. 3).
Histological assessment of articular cartilage repair
Polarized light microscopy
Collagen ﬁbrils within the cartilaginous repair tissue were
mainly orientated parallel to the joint surface, without reproducingTable II
Overview of the results of histological articular cartilage repair grading and histomorph
repair and tidemark formation were assessed based on an established histological scorin
Parameter Time point
3 weeks (n ¼ 12 animals) 6 weeks (n ¼ 7 animals) 4
Histology
Average total score
[0e31 points]
Mean 19.2 12.0z 1
95% CI 17.8e20.6 9.8e14.3 1
Range 14.6e22.3 9.6e16.4 7
Tidemark formation
[0e4 points]
Mean 3.9 3.8 2
95% CI 3.8e4.0 3.6e4.0 1
Range 3.4e4.0 3.5e4.0 0
Histomorphometry
Subchondral bone
plate migration
[mm]
Mean 0.57 0.63 
95% CI 0.89 to 0.24 1.27e0.00 
Range 1.48e0.26 1.92e0.05 
D Osseous repair
tissue [mm2]
Mean 0.70 0.62 0
95% CI 1.18 to 0.23 1.11 to 0.12 
Range 2.51e0.24 2.14 to 0.02 
D Non-osseous
repair tissue
[mm2]
Mean 0.56 0.44 
95% CI 0.15e0.97 0.01e0.87 
Range 0.17e1.85 0.09e2.00 
Histomorphometrical analysis revealed (1) the absolute upward (positive values) or down
(D) between actual and target areas of (2) osseous and (3) non-osseous repair tissue withi
P < 0.05 and z for P < 0.01. Articular cartilage repair was signiﬁcantly improved at 6 wee
4months. Reﬂecting the relative changes in both tissue areas, the subchondral bone plate
and extending above the native osteochondral junction at 1 year. P < 0.01 versus the pra normal articular cartilage organization (Fig. 2). Birefringence as an
indicator of collagen content was weaker within the non-osseous
repair tissue than in the surrounding normal articular cartilage at
all time points. Within the osseous repair tissue, birefringence was
similar between the defect areas and the adjacent osseous tissue,
conﬁrming a good reconstitution of the subchondral bone structure
following the osteochondral injury (Fig. 2).
Total average histological score
The quality of the cartilage repair tissue was graded using
a complex30 inverse scoring system22. At 3 weeks in vivo, cartilage
repair was incomplete [total average score 19.2 (17.8e20.6); Table II].
By week 6 postoperatively, cartilage repair was signiﬁcantly better
[12.0 (9.8e14.3); P < 0.0001], with further improvement between
4 and 6 months [14.2 (11.4e16.9) vs 9.7 (8.3e11.1), respectively;
P ¼ 0.004]. Between 6 months and 1 year, cartilage repair degraded
(P < 0.0001), reﬂected in a total repair score of 19.9 (17.9e21.8) at
1 year, a value similar to the evaluation at 3 weeks (P¼ 0.89; Table II;
Fig. 4).
Individual score for tidemark formation
A new tidemark was mainly absent after 3 and 6 weeks in vivo
[3.9 (3.8e4.0) and 3.8 (3.6e4.0), respectively; P ¼ 0.94; Table II].
However, by 4 months, the tidemark traversed already 50e74% of
the diameter of the defect [2.0 (1.6e2.5)], signiﬁcantly more
compared to the precedent time points (P < 0.0001). The extent of
the tidemark then remained unchanged until 1 year in vivo
[2.2 (1.8e2.5); P ¼ 0.97], in contrast to the total value of the
histological score at this time point (Fig. 4).
Correlation between histomorphometrical and histological
evaluations of the osteochondral unit
Internal correlation of the individual parameters
First, internal correlations were calculated for cartilage and
subchondral bone plate repair parameters. Migration of the sub-
chondral bone plate highly correlated with the differences in targetometrical evaluation of subchondral bone reconstitution. Overall articular cartilage
g system22 (Table I)
months (n ¼ 13 animals) 6 months (n ¼ 14 animals) 1 year (n ¼ 10 animals)
4.2 9.7z 19.9z
1.4e16.9 8.3e11.1 17.9e21.8
.1e23.4 5.8e15.0 14.3e24.0
.0z 2.6 2.2
.6e2.5 2.1e3.1 1.8e2.5
.4e3.0 1.0e3.9 1.4e2.9
0.04z 0.04 0.19*
0.33e0.26 0.29e0.22 0.10e0.30
1.52e0.30 1.18e0.38 0.65e0.35
.08z 0.02 0.28z
0.18e0.35 0.23e0.28 0.07e0.48
1.08e0.53 1.23e0.56 0.33e0.72
0.05z 0.12 0.34z
0.34e0.24 0.37e0.13 0.51 to 0.17
0.59e1.19 0.62e1.17 0.73e0.00
ward (negative values) migration of the subchondral bone plate and the differences
n the osteochondral defects. Data are presented as mean values and 95% CI with * for
ks and 6 months but impaired at 1 year while tidemark formation was enhanced by
gradually migrated upwardly, regaining its original position between 4 and 6months
ecedent time point.
Fig. 4. Schematic illustrating the changes of histological articular cartilage repair
parameters (total average histological score; red line, and individual score for tidemark
formation; orange line) and histomorphometrical subchondral bone parameters
(absolute subchondral bone plate migration; dark blue line, and relative changes in
osseous tissue area; light blue line) during the entire observation period of 1 year. Over
the ﬁrst 6 months, articular cartilage and subchondral bone repair proceeded in
parallel. Although no statistically signiﬁcant correlation was found, impairment of
articular cartilage repair at 1 year occurred under the inﬂuence of an expanded and
upwardly migrated subchondral bone plate.
Fig. 3. Changes in the differences between target and actual areas occupied by osseous
and non-osseous repair tissue within the osteochondral defect areas and numerical
migration of the subchondral bone plate in relation to its native position. Over the
observation period of 1 year, the osseous tissue area increased while the non-osseous
tissue area decreased gradually with signiﬁcant changes observed between 6 weeks
and 4 months as well as between 6 months and 1 year after defect creation (A). The
subchondral bone plate signiﬁcantly migrated upwardly between 6 weeks and
4 months and between 6 months and 1 year, resulting in advancement above its native
position by 12 months after defect creation (B). Data are given as mean values, error
bars represent 95% CI. n indicates the number of independent observations (animals)
per time point.
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r > 0.9; all P < 0.0001), regardless of the time point. When corre-
lation coefﬁcients were separately analyzed for each observation
period, the high internal correlation among the three subchondral
bone parameters was conﬁrmed for all time points (all r > 0.80; all
P < 0.01; Fig. 4). The histological total average score of articular
cartilage repair correlated weakly but signiﬁcantly with the indi-
vidual parameter for tidemark formation (r ¼ 0.33; P ¼ 0.01). This
signiﬁcant correlation is attributed to the 4 and 6 months and
1-year time points; at 3 and 6 weeks, the correlation was not
signiﬁcant (both r < 0.3; both P > 0.50).
Correlation of subchondral bone reconstitution with articular
cartilage repair
Next, we sought to answer the question whether subchondral
bone reconstitution externally correlates with articular cartilage
degradation. Interestingly, tidemark formation exhibited a medium
but signiﬁcant correlation with all three histomorphometrical sub-
chondral bone values (all r > 0.45; all P < 0.0001), including sub-
chondral bone platemigration (r¼ 0.47; P< 0.0001). This correlation
is ascribed to the high correlation coefﬁcients at 6 weeks and 1 year
(both r> 0.55), compensating the lowvalues for the other timepoints
(all r < 0.2; all P > 0.80). Importantly, none of the subchondral bone
parameters correlated with the histological total articular cartilage
repair score (all r < 0.2; all P > 0.2), especially the correlation with
subchondral bone plate migrationwas beyond signiﬁcance (r ¼ 0.11;
P¼ 0.44). This suggests that articular cartilage repair and subchondral
bone reconstitution proceed at a different pace (Fig. 4).
Discussion
The present study reveals that the long-term subchondral bone
reconstitution within osteochondral defects proceeds in a deﬁned
chronological order. Four distinct geometrical repair proﬁles e
cylindrical, infundibuliform, plane, and hypertrophice have been
identiﬁed. At the early phase of osteochondral repair, the sub-
chondral bone plate is situated below its native position, then
restored to its normal level between 4 and 6 months and expanded
into the cartilaginous repair tissue after 1 year. Histological carti-
lage repair is progressively improved for the ﬁrst 6 months, but
degraded after 1 year, suggesting that no osteochondral regenera-
tion31 occurred. All individual parameters of subchondral bone and
articular cartilage repair internally correlate among each other. Of
note, tidemark formation correlates with subchondral bone repair.
Importantly, no statistically signiﬁcant correlation is detected
between subchondral bone plate migration and the degradation of
the repair cartilage, contradicting our hypothesis that the
advancement of the subchondral bone plate is responsible for the
diminished articular cartilage repair in this model system. Such
a lack of correlation between these two key players of the osteo-
chondral unit has, to our best knowledge, not been established to
date.
The subchondral bone plays a signiﬁcant role in the onset32,
repair or progression of cartilage damage33,34. Nonetheless, only
little data is available on the spontaneous migration of the sub-
chondral bone plate in this model: subchondral bone overgrowth
into the cartilaginous repair tissue has been qualitatively described
in rabbit osteochondral defects35,36 and chondral defects in sheep
treated with microfracture18. We have previously applied micro
computed tomography to analyze the ovine subchondral bone 6
months after subchondral drilling of full-thickness cartilage
defects20. Although the geometrical subchondral bone reconstitu-
tion patterns were not identiﬁed over time and articular cartilage
repair was not correlated with subchondral bone parameters,
intralesional osteophyte formation was detected in 26% of treated
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thickening of the subchondral bone plate following subchondral
drilling of lapine chondral defects compared to untreated defects
(0.69 vs 0.62 mm), a phenomenon thought to result from meta-
plasia of the deep layer of the repair cartilage12. Bone overgrowth
within osteochondral defects was shown to be promoted by growth
factors such as transforming growth factor beta137, or bone
morphogenetic proteins38. In addition, angiogenesis promoted
subchondral bone plate migration: Sakata et al.39 suggested that
vascular endothelial growth factor might favour subchondral bone
overgrowth in rabbits. Vice versa, the anti-angiogenic factors
chondromodulin-I40 and thrombospondin-138, as expressed e.g., by
implanted articular chondrocytes41, or other compounds42 may
prevent this inadvertent stimulation of osseous overgrowth.
Qiu et al.21 quantiﬁed subchondral bone plate migration in
osteochondral defects of the lapine femoral condyle at three time
points by histomorphometry. After 8 weeks postoperatively, the
bone plate was situated 0.79 mm below its native position, in good
agreement with our results after 6 weeks. Then, it advanced
upwardly by 16 weeks (þ0.13 mm) and remained at this position
until week 32, the longest time point evaluated21. Having included
a greater number of animals (56 vs 33) and observationperiods (5 vs
3), the present study reveals a comparably less abrupt and therefore
more constant upwardmigration for at least 1 year postoperatively.
Articular cartilage repair was signiﬁcantly improved between
3 weeks and 6 months postoperatively, reﬂecting the rather good
short-43 and long-term36 intrinsic repair capacity of untreated
lapine osteochondral defects. Remarkably, the total histological
score was considerably impaired at 1 year using a complex scoring
system. When an elementary grading system was applied by Qiu
et al.21, no differences were seen between 8, 16, and 32 weeks.
The correlation between histological total score and subchondral
bone plate migration was not signiﬁcant for any time point. From
a statistical standpoint, this suggests that cartilage repair and sub-
chondral bone reconstitution proceed independently. However, the
concurrency of cartilage degradation and subchondral bone plate
expansion at 1 year suggest that minimal advancement of the
subchondral bone plate may negatively impact articular cartilage
repair.
The tidemark, the basophilic line on histological articular carti-
lage sections separating normal from calciﬁed articular cartilage44,
was hardly detectable in the repair tissues at 3 and 6 weeks post-
operatively, in good agreement with previous data21. Interestingly,
as indicated by the correlation analysis, individual tidemark
formation (r ¼ 0.47) might reﬂect the subchondral bone plate
migration better than the total histological score (r ¼ 0.11).
Consistent with previous studies13, the area occupied by osseous
repair tissue gradually increased over time while the non-osseous
repair tissue simultaneously decreased within osteochondral
defects. The high correlation between these results and the sub-
chondral bone plate migration conﬁrms the reliability of the
described methodology. Importantly, the histomorphometrical
parameters differed signiﬁcantly only between 6 weeks and
4 months or 6 months and 1 year; similar results were obtained
3 and 6 weeks or 4 and 6 months postoperatively. With regard to
future research on the subchondral bone plate in the lapine model,
these ﬁndings implicate that certain observation periods may be
shortened, for example to 3 instead of 6 weeks and to 4 instead of
6 months.
Four distinct geometrical repair patterns reﬂected subchondral
bone repair. The cylindrical proﬁle of the earliest time point most
likely represents the original defect shape, created by the ﬂat drill
bit tip. The infundibuliform pattern at 6 weeks may result from an
increased centripetal remodelling in the deeper regions of the
subarticular spongiosa45 compared to the subchondral bone plate.Possibly, this unbalanced bone repair might be caused by hetero-
geneity in the distribution of secondary ossiﬁcation centres46,47 or
by a gradient of angiogenic factors48,49 within the damaged sub-
chondral bone. Additional subchondral bone formation further
advances the subchondral bone plate towards the joint line and e
ultimately e above its native position. When evaluating the
temporal sequence of spontaneous osteochondral repair in rabbits,
Lietman et al.14 conﬁrmed a gradual subchondral bone reconstitu-
tion over 18 weeks. Although the bone repair was not analyzed
geometrically, their histological images at 1, 3, and 12 weeks
endorse the here described chronological sequence of cylindrical,
infundibuliform and plane/hypertrophic proﬁles.
One limitation of the present study is the lack of an estimation of
the biomechanical properties of the repaired osteochondral units.
Besides, at the time of defect creation, the animals were in their late
juvenile stage. Although lapine articular cartilage structural maturity
is already achieved at the age of 3 months50, the epiphyseal growth
plates of the animals were open, a fact that may have contributed to
theobserved subchondral boneovergrowth. Future researchneeds to
shed light on subchondral bone plate migration for defects of
different sizes14 and in mature large animals. Nonetheless, our ﬁnd-
ings underline the clinical importance of the subchondral bone in the
natural course and reconstructive surgical treatment of cartilage
defects. Subchondral drilling and microfracture have been reported
to induce subchondral bone plate migration and intralesional
osteophytes formation in 25% of patients9,10, possibly playing a role in
the degeneration of the cartilaginous repair tissue13 and impairing
secondary cartilage repair strategies such as autologous chondrocyte
implantation12. Interestingly, spontaneous subchondral bone plate
migration within untreated cartilage defects may also occur spon-
taneously4. However, randomized controlled multicenter trials are
required to further quantify the clinical relevance of subchondral
bone plate migration.
In conclusion, the repair of the subchondral bone inosteochondral
defects follows a chronological order with four distinct geometrical
repair patterns. The subchondral bone plate gradually migrates
upwardly and regains its native position between 4 and 6 months.
Similarly, the histological appearance of the overlying articular
cartilage repair tissue improves; tidemark formation correlates
signiﬁcantly with subchondral bone reconstitution. However, at
1 year, advancement of the subchondral bone plate proceeds along
with cartilage degradation.Author contributions
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